It was shown previously that the long lifespan and juvenile phase of trees strongly attenuate founder effects during colonisation in a diffusive dispersal model. However, this model yielded too slow a colonisation rate in comparison with palynological data for temperate forest trees. Since rare longdistance dispersal events have been shown to increase considerably colonisation rates in population dynamics models, we investigate here the impact of long-distance dispersal on within-population diversity (H S ) and amongpopulation differentiation (F ST ) during the colonisation process. We use a stochastic approach and compare several dispersal strategies, ranging from very rare dispersal events of large amplitude to more frequent events of smaller amplitude. Using a simulation approach, which takes into account tree life-history traits, we show that long-distance dispersal events increase colonisation speed, and yield much larger founder effects in comparison with the diffusive model. The two models that include intermediate-and longdistance dispersal events show stronger deviations from experimental F ST values during and at the end of the colonisation process than the model with more frequent events of smaller dispersal variance. Furthermore, the introduction of a high level of pollen flow has a much more limited impact on models that include long-distance dispersal than on a diffusive dispersal model. The relatively high H S values that were obtained in all models are discussed according to the assumed mutation rate and effective population size. This study is an example of how observed genetic data can provide additional evidence on the best demographic model for a given species or group of species.
Introduction
Temperate forest trees have recolonised very large areas, following the last glacial period, in Europe as well as North America. Until 18 000 years ago, temperate forests were confined to the southern-most parts of these continents, and recolonisation of higher latitudes has taken place within a few hundreds to a few thousands of generations (Huntley and Birks, 1983; Webb, 1985; Huntley, 1990) . Several population dynamics models (Skellam, 1951; Le Corre et al, 1997b; Clark, 1998) have shown that such a rapid colonisation process would have been impossible without the occurrence of rare longdistance dispersal events. Even very small proportions (from 10 À6 to 10
À4
) of these long-distance dispersal events were sufficient to accelerate drastically the colonisation process (Le Corre et al, 1997b) , which then becomes compatible with the colonisation speeds estimated from pollen records (150-500 m/year, according to Huntley and Birks, 1983 ).
In the case of trees with heavy seeds, long-distance dispersal events have been reported and attributed to birds: for example, jays in the case of oaks (Quercus spp.), in Europe (Bossema, 1979) as well as in Northern America (Darley-Hill and Johnson, 1981) , and passenger pigeons in the case of Northern American beeches (Fagus spp., Webb, 1987) . Alternatively, other tree species such as maple (Acer spp.) and ash (Fraxinus spp.) have light, winged seeds, which allow them to be dispersed for long distances, mostly by wind.
Le Corre et al (1997b) showed that colonisation can be equally accelerated either by very rare long-distance dispersal events of very large amplitude (B50 km), or by more frequent events of more limited amplitude (B20 km). The latter model seems more realistic; for example, in the case of European oaks, long-distance dispersal events are frequent, but have never been observed on a scale of more than 8 km (Schuster, 1950) . Very rare events of larger amplitude may have been unnoticed, of course, hence these observations are inconclusive. Also, seeds of some species could have been dispersed either along rivers over such long distances (Thebauld and Debussche, 1991) , or as consequence of human activity.
From a genetic point of view, forest trees show, whatever their life-history traits, high levels of withinpopulation diversity and low levels of among-population differentiation compared to herbaceous plants (Hamrick et al, 1992; Hamrick and Godt, 1996) . This may appear surprising because colonisation frequently leads to an excess of differentiation among populations, when compared with the equilibrium situation (Austerlitz et al, 1997; Le Corre and Kremer, 1998) , as a consequence of successive founder effects that accompany the creation of new populations, each genetically differentiated from the previous populations. However, Austerlitz et al (2000) have shown that the long lifespan of trees, and more importantly, their long juvenile phase, dramatically reduce the founder effects observed during colonisation by allowing more migrants to arrive, and eventually participate in reproduction when it takes place.
One problem of Austerlitz et al's (2000) model was that it did not take into account the events of long-distance seed dispersal, which led to very slow colonisation rates. In contrast, models accounting for long-distance events, but for species with nonoverlapping generations and without a juvenile phase, predict an increased differentiation among populations for nuclear and cytoplasmic genes (Nichols and Hewitt, 1994; Le Corre et al, 1997b) , which is inconsistent with experimental data in the case of nuclear genes. Furthermore, Nichols and Hewitt's (1994) model was adapted to animal species, and thus did not account for pollen flow, a key determinant of the genetic structure of nuclear loci (Petit et al, 1993; Ennos, 1994) .
In short, models have been developed that either account for the extended juvenile phase of tree species and its effect on genetic structure but with a far too slow colonisation process, or integrate long-distance dispersal events but without taking into account life cycle and pollen flow. The aim of this paper is to assess the impact of long-distance dispersal during and after the colonisation period, on genetic diversity and differentiation of tree species, taking all the latter key components of their life cycle into account.
We thus develop a stochastic modelling approach for colonisation of trees, using overlapping generations, which allows us to integrate their long life cycle and juvenile phase. Populations are situated on a line of 300 km. At the beginning of each simulation, we have only one population at one of the extremities of the line. Colonisation occurs through seed migration that follows a dispersal distribution that integrates a portion of longdistance dispersal. Then populations remain connected through seed and pollen flow.
We test several colonisation scenarios, ranging from very rare long-distance dispersal events of very large amplitude to more frequent events of more limited amplitude, to see which scenario is more consistent with trees' high within-population diversity, as defined by Nei (1973) and low among-populations differentiation, as measured by F ST (Wright, 1951; Nei, 1973) . We also study the effect of pollen flow. Finally, we assess the impact of the numbers of loci and alleles per locus on the variance among simulations of diversity and differentiation levels. This allows to evaluate the robustness of the conclusions regarding the likelihood of one scenario or another.
The model

General description
We assumed that we had d ¼ 60 populations situated on a line of length 300 km. In context, we visualise the populations being aligned south (on the left) to north (on the right). At time t ¼ 0, only the left-most (southernmost) population was full and at demographic equilibrium. All other populations were empty. Since we needed to integrate rare long-distance dispersal events, which are by definition stochastic, we used a fully stochastic approach for demography and genetics. This is an important difference from Austerlitz et al's (2000) model, which was deterministic as far as demography was concerned. Thus, we considered here a one-dimensional (1D) model, because simulations that integrate tree life-history characteristics are very time intensive in (2D) models.
In each population, individuals were sorted into c ¼ 25 different size classes corresponding logically to increasing basal area values. Each year, each individual died or survived, either remaining in the same class or moving to the next class. Thus, each class contained individuals of different ages. Only the individuals of the last class produced seeds and pollen, thus trees could not reproduce before they were 25 years old. A densitydependent regulation made the size of each class increase towards an equilibrium size. The equilibrium distribution of individuals in classes corresponded to N e ¼ 1000, as computed using the method given in Orive (1993) , and a generation time of 100 years at equilibrium. Otherwise in each population, the generation time varied and was shorter during its growth period because competition was less intense.
As in Le Corre et al (1997b) , we assumed that the seed dispersal function (F m ) was a weighted sum of two zerocentred normal distributions:
The first distribution N(0, s 1 ) corresponds to shortdistance dispersal and the second N(0, s 2 ) to longdistance dispersal, the parameter a being the proportion of these long-distance dispersal events. Since we were dealing with discrete populations, we had to transform the continuous function
, where M ij represents the proportion of seeds that migrates from population i to population j. To compute the coefficients M ij , the function F m was integrated over all points in the intervals corresponding to populations i and j, assuming that every population occupied a 5 km interval (60 populations along 300 km).
The first model that we studied (model 1, see Table 1 ) was a diffusive dispersal model, with s 1 ¼ 250 m and no long-distance seed dispersal (a ¼ 0). Since we assumed that each population occupied a 5 km range, there was no dispersal beyond the adjacent population in that case; that is, it was a pure stepping-stone process, with a fraction of B0.02 of the seeds being dispersed to each of the two neighbouring populations.
We then studied several stratified dispersal models, in which s 1 ¼ 250 m, but a ranged from 5 Â 10 À6 to 10 À2 , while the long-distance dispersal standard deviation (s 2 ) ranged from 7.5 to 50 km (see Table 1 ). We retained models that yielded similar colonisation rates: two Trees genetics and long-distance dispersal F Austerlitz and PH Garnier-Géré contrasted models with either very rare long-distance dispersal events (model 2) or more frequent mediumdistance dispersal events (model 4), and an intermediate case (model 3). For model 2, this meant that migrants could reach any population, but with a very small probability, from 1.95 Â 10 À7 for the second neighbours to 2.23 Â 10 À9 for the 59th neighbours. For model 4 this probability was 1.12 Â 10 À3 for the second neighbours, and dropped to zero by the 14th neighbours.
We also studied the impact of pollen flow, using a dispersal function, F p , corresponding to a diffusive dispersal model, that is, a normal distribution with standard deviation s p ¼ 1 km The function F p was transformed into a d Â d matrix P ¼ (P ij ), using the same method as for seed dispersal. Applying F p , 84% of the pollen remained in the population, while 8% migrated to each of the two neighbouring populations, a very small portion (1.07 Â 10
À8
) reached the second neighbours, but pollen did not go any further.
We simulated n L independent, diploid, nuclear loci, with n a alleles, and a symmetric mutation model, with mutation rate m ¼ 10
À6
. In the initial population, all alleles were set to equal frequency and the genotypes to HardyWeinberg frequencies. Knowing the demographic and genetic situation at time t, we randomly sampled the number of carriers of each genotype for each class in each population at time t+1, as described below. This process was repeated iteratively, starting from t ¼ 0.
as the vector of the numbers of trees in each size class. Also denote by A the density-independent annual transition matrix, which is the same for all populations. A gave the expected numbers of individuals in each class of the population at time t+1, as a function of those same numbers at time t:
where A ii was the proportion of trees that remained both alive and in class i from t to t+1; A i,i+1 the proportion of trees of class i that remained alive and moved from the class i to i+1 during the time interval t to t+1; and f was the number of offspring produced by each individual of the last class at each generation. Thus, we had cÀ1 classes of juveniles and only one class of adult trees that could reproduce. The proportion of individuals that died in class i during 1 year was 1ÀA ii ÀA i,i+1 . Density dependence was added to the model by assigning to the individuals of each class a given stand basal area (a measure of the space occupied by an individual). Then, at each time t, fecundity f and all probabilities A i,i+1 to move to the upper class were multiplied by a reduction coefficient a p (t) (0pa p (t)p1), computed so that the basal area G t of the whole population grew logistically towards an equilibrium value G e (for details, see Austerlitz et al, 2000) . Thus, density dependence acted on all classes except the last one. The chosen values for the coefficients of matrix A and for the standard basal area of the individuals of each class are given in the Appendix.
The expected proportion of individuals passing to the next class was thereforeÃ A iiþ1 ¼ a p ðtÞA iiþ1 . For each population p, p ¼ 1, y, d and each class i, i ¼ 1, y, c, the number of individuals (R pi (t)) that survived and remained in class i, the number of individuals (T pi (t)) that survived and moved to class i+1, and the number of individuals (D pi (t)) of class i that died were drawn from a trinomial distribution with parameters
Thus, the total number of individuals in class i41 of population p at time t+1 was N pi ðt þ 1Þ ¼ R pi ðtÞ þ T p;iÀ1 ðtÞ
The value for class 1, N p1 (t+1), is computed in the next section.
Migration model
We have defined M ¼ (M ij ) and P ¼ (P ij ) above as the d Â d seed and pollen migration matrices, respectively. Before the action of density dependence, the number of seeds produced, on average, by the adults of population q was f N qc (t). A given proportion of these seeds will migrate to each population p, according to M. So the expected number of seeds that migrated from q to p was n qp ðtÞ ¼ fN qc (t)M qp a p (t), where a p (t) is the density-dependence correction factor in population p (defined above), because these seeds, although originating from population q, arrived in population p and were subsequently subjected to competition there. To integrate stochasticity into this process, we drew the number of seeds (n qp (t)) that migrated from q to p from a Poisson distribution with mean n qp ðtÞ. The total number, N p1 (t+1), of individuals in class 1 of population p at time t+1, was constituted by the R p1 (t) individuals that survived and remained in class 1 and by the newborn individuals coming from all populations. Thus, the total number of individuals was
Concerning pollen flow, the proportion x pq (t) of the pollen cloud of population p that came from In all cases, the short-distance parameter was s 1 =250 m. Results are given for various values of the proportion (a) of long-distance seed dispersal events and of the variance of these long-distance dispersal events (s 2 ). Colonisation times as a fraction of the time observed for the diffusive dispersal model (model 1) are also given.
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Thus, x pq (t) was proportional to the amount of pollen flow between q and p and to the relative size, compared to the other populations, of the adult class in population q.
Genetic model
For each of the n L nuclear loci, since there were n a alleles, the number of genotypes per locus was n g ¼ n a (n a +1)/2. Define N pij (t) as the number of carriers of each genotype j, 1pjpn g , within the N pi (t) individuals of class i, 1pipc, in each population p, 1pppd, thus X ng j¼1 N pij ðtÞ ¼N pi ðtÞ:
For i41, each class i of each population p at time t+1 consisted of the R pi (t) individuals that survived and remained in class i, and the T p,iÀ1 (t) individuals that survived and moved from iÀ1 to i (see above). We knew the number of carriers, N pij (t), of each genotype j among the N pi (t) individuals, in each class i of population p. The R pi (t) individuals were sampled without replacement among the N pi (t) individuals. Thus, the n g values ðR pi1 ðtÞ; R pi2 ðtÞ; . . . ; R pin g ðtÞÞ of the number of carriers of genotypes 1 to n g within the R pi (t) individuals were drawn from a hypergeometric distribution, HðR pi ðtÞ; N pi1 ðtÞ; N pi2 ðtÞ; . . . ; N pin g ðtÞÞ, whose probability distribution function is defined as (Feller, 1957, pp 41-45) f pkk 0 ðtÞ ¼ f pk 0 ðtÞf poll pk 0 ðtÞ These genotypes were then numbered, as above, with j, 1pjpn g , and we denote f g pj ðtÞ, the frequency of each genotype j in the newborns of population p. Then, since n qp (t) seeds migrated from population q to population p, the numbers of carriers of each genotype ðn pi1 ðtÞ; n pi2 ðtÞ; . . . ; n ping ðtÞÞ, within these n qp (t) seeds, were drawn in a multinomial distribution with parameter n qp (t) and the genotypic frequencies f g qj ðtÞ. Thus, adding the R p1j (t) individuals that survived and remained in class 1 yielded the total number (N p1j (t)) of carriers of each genotype j in class 1 of each population p at time t+1:
n qpj ðtÞ ð 2Þ
Then, from equations (1) and (2), the number of carriers of each genotype in each class of each population at each time t, we computed the allelic frequency f pk (t) of each allele k within each population p. Then the total diversity, h p (t), within each population p was
and the average within-population genetic diversity, h S (t), was the average of h p (t) over every nonempty population p at time t. The total diversity, h T (t), was calculated as
where f k ðtÞ was the average of f pk (t) over every population p at time t. h S (t) and h T (t) were computed for each locus, and averaged over all n L loci, to obtain the mean within-population diversity (H S (t)) and total diversity (H T (t)). The genetic differentiation, F ST (t), among populations was calculated as
Outcomes of the model The simulations were run for 10 000 years for the various colonisation models. A period of 10 000 years is smaller than the estimated length (18 000 years) of the postglacial
Trees genetics and long-distance dispersal F Austerlitz and PH Garnier-Géré period (Huntley, 1990) , but was chosen because the simulations are time-intensive. The consequence is that the colonised area simulated by the model is smaller than the actual area. For each simulation, the time at which the 60 populations were colonised was recorded, and for each year t, the within-population genetic diversity, H S (t), and the genetic differentiation, F ST (t), among populations were also recorded. As a result of computational limitations, only 20 simulations were performed for each set of parameters and the results given below are the averages and standard deviations over these 20 repetitions. Table 1 gives the colonisation times for the various demographic models. In comparison with the diffusive dispersal model (model 1), the introduction of very small proportions of long-distance dispersal events considerably accelerated the colonisation process. Colonisation times less than half that of model 1 were reached under the three contrasted models of colonisation that included long-distance dispersal events. For example, the differences in colonisation times between model 2 (with infrequent but large-amplitude dispersal events) and model 4 (with frequent but small-amplitude dispersal events) were much smaller that between them and model 1. Rates of spread of B180 m/year on average were obtained for the three dispersal models including longdistance seed dispersal, whereas it was only 75 m/year in the case of the pure diffusion model.
Results
Colonisation dynamics
Genetic diversity within and among populations
As in previous studies (Austerlitz et al, 1997; Le Corre et al, 1997b; Le Corre and Kremer, 1998; Austerlitz et al, 2000) , decreased within-population diversity (H S ) and increased differentiation (F ST ) were observed during the colonisation period (Figure 1) , as a consequence of genetic drift and founder effects. Owing subsequent homogenisation, H S slowly increased and F ST slowly decreased. The effects of the various colonisation models on H S and F ST are summarised in Table 2 . Founder effects were smallest in a pure diffusive dispersal model (model 1); with or without pollen flow, the minimum H S values were only slightly below the values at the end of the 10 000 years and conversely the maximum F ST values were only slightly above the end value, indicating a minimal loss of diversity or increase in differentiation because of founder events in each population. There was, however, an important quantitative difference between values reached with and without pollen flow (Figures 1 and 2, model 1) . In the diffusive model, gene exchange through pollen was a powerful factor of homogenisation between populations with F ST never increasing above 0.067 (Figure 2) . The introduction of rare seed long-distance dispersal events had a strong impact on the evolution of the genetic structure of trees. The rates of colonisation were higher in the stratified models (models 2-4) than in the diffusive dispersal models. These models thus showed a decrease in H S , which occurred in less than half the time of model 1 (Figures 1 and 2 ). This decrease was greatest for model 3, especially in the case of pollen flow.
Conversely, a more rapid increase in F ST towards F STmax was observed, with clearly higher values, for models 2 and 3 than for model 4, with or without pollen flow (Figures 1 and 2) . These two models were the ones with rare, long-distance dispersal events of larger amplitude (50 and 20 km, for models 2 and 3, respectively). In the case of pollen flow for models 2 and 3, F ST reached an average maximum of B0.34-0.35, which was reduced, after subsequent homogenisation, to B0.23-0.25.
The model including more frequent long-distance dispersal events of small amplitude (7.5 km) could be distinguished from the other two stratified models by both a slower decrease of H S towards H Smin and a slower increase of F ST towards F STmax (Figures 1 and 2) . The founder effects were also smaller for this model, the extreme values reached by either H Smin or F STmax were greater and smaller, respectively, and less different from the end values, than for models 2 and 3. In the three stratified models, the addition of pollen flow decreased F STmax and increased H Smin . However, the effect was not as strong as for the diffusive dispersal model, and the Table 1 for the seed-dispersal parameters of each model), with no pollen flow (s p ¼ 0). A minimum value was reached for H S at the end of colonisation, which subsequently increased to its equilibrium value. Conversely, the maximum F ST value was reached at the end of colonisation, which subsequently decreased to its equilibrium value.
Trees genetics and long-distance dispersal Standard deviations for each parameter of all models were computed for up to 10 loci and they clearly decreased with the number of loci involved (Figure 3) . The decrease was rapid up to five or six loci but became minimal or nonexistent as additional loci were considered, and reached an asymptotic value.
Discussion
The models developed here integrate stochasticity into the process of migration at the level of dispersion (for Table 1 for the seed dispersal parameters of each model), with pollen flow (s p ¼ 1 km). In all cases, the short-distance parameter was s 1 =250 m. Results are given for values of the proportion of long-distance seed dispersal events (a) and the variance of these long-distance dispersal events ( Trees genetics and long-distance dispersal F Austerlitz and PH Garnier-Géré both seeds and pollen), at the level of seed establishment in new populations, and at the genetic level. This work therefore represents an improvement for modelling natural processes, compared to previous colonisation models (Austerlitz et al, 2000) , and also for assessing different colonisation scenarios, while accounting for stochasticity.
As expected in a stochastic process, there is a substantial amount of variation from one simulation to the next for the estimated parameters (diversity and differentiation). Part of this variance is because of the random transmission of alleles, which yields variation in genotypic frequencies from one locus to the next, and explains why standard deviations decrease rapidly with the number of loci used. However, if more than five loci are considered, the standard deviations for any parameter converge to asymptotic values. This is the part of variance that is due to the stochasticity of the demographic process itself. Inspite of this stochasticity, the different colonisation models considered can be clearly distinguished by their effects on the mean patterns of population genetic parameters.
In terms of colonisation rates, in models that account for the overlapping generations, long life cycle and juvenile phase of tree species, a small proportion of longdistance seed dispersal is sufficient to accelerate strongly the colonisation process. This result is similar to previous ones obtained in models designed for plants with a limited number of overlapping generations and no juvenile phase (Le Corre et al, 1997b) . Importantly, the rates of colonisation obtained with the three stratified dispersal models (models 2-4) were of similar magnitude (153-196 m/year) and consistent with the range of colonisation rates estimated for European tree species on the basis of palynological data (150-500 m/year; Huntley and Birks, 1983) . In comparison, the pure diffusive model (model 1) gave a too slow colonisation rate of 75 m/year.
Concerning the parameters of average within-population diversity (H S ) and among-population genetic differentiation (F ST ), our results show that in a stochastic diffusive dispersal model, the genetic structure of tree populations is only slightly affected by founder effects; there is only a minor reduction in diversity in each newly founded population, thus H S decreases to a minimum that is only slightly lower than the end value, while the maximum F ST value is only slightly above the end value. This result is consistent with the conclusion reached by Austerlitz et al (2000) for a deterministic diffusive model. However, founder effects play an important role in stratified dispersal models since new colonies are established at long distances and are thus isolated from the colonisation front. In a model without pollen flow, when the proportion of long-distance migration is low (a ¼ 5 Â 10
À6
), but the standard deviation of these dispersal events is large (s ¼ 50 km), F ST evolved towards its highest value (40.4) during t20% of the colonisation time. The subsequent homogenisation was limited, and the final value of F ST was still fairly high (F STend ¼ 0.322). In this model, long-distance events disperse individuals very far in advance of the colonisation front. When an individual successfully establishes in a far away population, it may reach adulthood before any other migrant establishes in the same population. Even with some pollen flow, in a model with very large long-distance dispersal variance, the founding populations will consist mostly of individuals produced by the seeds of the first founder. The juvenile phase has been shown earlier to reduce dramatically the founder effect in the diffusive dispersal model by allowing founders to arrive during several years (Austerlitz et al, 2000) . However, we observe here that it does not allow enough seed flow towards the founding populations to compensate the rare occurrence of long-distance dispersal events.
The clearest differences were observed for F ST maximum values and H S minimum values, between the model with the lowest long-distance dispersal (s 2 ¼ 7.5 km) and the other two stratified models. This was true except for H S in the models with pollen flow, where the lowest minimum was reached with the model with intermediate long-distance dispersal.
While pollen flow reduces much F ST in the diffusive dispersal model, it has a much more limited impact in the stratified models. For the diffusive model, because a newly founded population is always adjacent to an existing one, homogenisation by pollen flow can begin immediately after foundation. In contrast, for stratified dispersal models, the rare events of long-distance dispersal produce clusters of population that remain separated by gaps, long enough for substantial differentiation to occur, without any possible homogenisation by pollen flow.
Comparing the likelihood of different colonisation scenarios, we have seen that the pure diffusive model can be excluded since the colonisation times are too unrealistic compared to the stratified colonisation models. A general pattern of high diversity within populations and low differentiation between populations has been observed experimentally for outcrossing tree species (Hamrick et al, 1992) , with average allozyme H S values of 0.253 for woody plants and an average G ST value of 0.084 (range of 0.041-0.206 between different genera). One may argue that it is difficult to compare our F ST values with experimental G ST values because of differences in estimation methods; however, it was shown that these differences are small in practical cases (Culley et al, 2002 Corre et al, 1997a; Streiff et al, 1998) give allozyme H S values 40.3, which are comparable to the ones obtained in our models. Therefore, both H S and F ST values obtained from our simulations fall at the upper range of the ones observed experimentally.
Two main reasons could be invoked to explain the relatively high H S values that we obtained. The first one is the maintenance of a high initial variability at the colonisation front in our models, while this variability could have been reduced by the reduction in the size of refugia populations during the glacial period. The second reason is that the mutation rate of 10 À6 , which Trees genetics and long-distance dispersal we used in the simulations, might be higher than the mutation rate of allozymes that were the markers considered in Hamrick et al's (1992) review. This, in conjunction with initial equal allelic frequencies and a population effective size of 1000, is likely to maintain more diversity than in the case of allozymes with two or three major alleles only.
The relatively high F ST averages obtained in our model could be explained in different ways. Effective population sizes might have been greater than 1000, which would have resulted in lower F ST . Pollen flow could also be higher than what was assumed in the models: a normal distribution of standard deviation s p ¼ 1 km was used here for pollen dispersal, which means an average dispersal distance of B800 m. This falls in the range of observed values for insect-pollinated species (Dick, 2001; Dutech et al, 2002) . Concerning wind-pollinated species, Streiff et al's (1999) estimated an average pollen dispersal distance of 286 m for Q. robur and 333 m for Q. petraea. So the pollen flow used here might again seem realistic, but Streiff et al (1999) estimate of pollen dispersal was indirect, and the real value could be higher. Moreover, in some coniferous species, it was estimated that pollen could potentially disperse at a distance of up to 60 km, without any certainty about its viability (Di-Giovanni et al, 1996) . Only little data is available on the viability of longdistance dispersing pollen. One study showed 75% viability after a 72 km travel (Andersson, 1965) , while the germination rate of pollen that had been transported over long distances was very low in two other cases (Solomon, 1979; Pulkkinen and Rantio-Lehtimäki, 1995) . In our simulations, the assumed pollen dispersal value might be too low for coniferous species, explaining in part why these species have lower F ST values in Hamrick et al's (1992) review compared with the ones we obtained.
Computational intensiveness meant that it was necessary to use a 1D model of limited scale (300 km), so one may wonder about the extension of these results to a 2D model on a larger scale (typically areas of more than 1000 km Â 1000 km for forest trees in Europe). During the colonisation period in a 2D model, it is expected, as in the 1D model, that rare long-distance dispersal events, by dispersing limited quantities of individuals ahead of the colonisation front, will yield a high founder effect, increasing differentiation and reducing average withinpopulation diversity. Since convergence towards equilibrium is usually faster in 2D models than in 1D models (Maruyama, 1971; Slatkin, 1991) , the decrease of differentiation and increase of diversity after the colonisation period in 2D models should be faster. The problem is how 2D modelling would affect the end values and their comparison in the case of the three types of stratified models. After the colonisation, the homogenisation of the whole set of populations is likely to be faster in a 2D model, compared to a 1D model, for medium-distance dispersal, which allows a sufficient number of genes to move between adjacent populations. This difference between 2D and 1D models should however be more limited for the case of rare, long-distance dispersal events, which are expected to have less impact after the colonisation because of the very small probability of a few, rare migrants establishing in a population that is already full.
Several features could still be integrated in the model to increase realism. For example, we could assume that several seeds disperse jointly. This has been observed in the case of oaks, for which jays carry up to seven acorns at a time (Schuster, 1950) . This practice should increase the number of founders and therefore reduce initial differentiation (Slatkin, 1977; Wade and McCauley, 1988; Whitlock and McCauley, 1990; Le Corre and Kremer, 1998) , provided that these founders are not too related. This might be the case for trees because they are highly outcrossing species, and females are usually fertilized by many males.
This work supports the importance of relatively frequent medium-distance dispersal events over rarer events of much longer distance dispersal, during the process of colonisation of outcrossing forest tree species. We have predicted the evolution of tree species' genetic diversity and differentiation, under various conditions, during the complete process of colonisation using a realistic demographic model. The usefulness of this approach is that it can be contrasted with real data, giving an indication of what the best demographic scenario might be, not only from equilibrium expectations but also from predictions during the different phases of colonisation. This shows how the simulation of population genetic parameters can help to distinguish among different possible demographic hypotheses. The key factor is to have a realistic demographic model for the species under consideration. Parameters such as juvenile phase or overlapping generations can, at equilibrium, be reduced to a statement about effective population size (Charlesworth, 1994) , but different combinations yield different outcomes during the transient colonisation period.
